Introduction
The charging effect on non-conductive materials is one of the most important problems for electron microscopic observations [1] . It is well known that the charging phenomenon, which results in some problems such as the instability and drift of specimens, hinders us from obtaining the reliable analysis data by electron microscopy [2] . Thus, in order to suppress the charging phenomenon, the coating techniques using Pt, Au, C and Os are often applied in electron microscopy [3] [4] [5] [6] . However, the detail mechanism with respect to the charging effect on nonconductive materials has not been clarified yet.
On the other hand, electron holography provides a unique method for detecting the phase shift of the electron wave due to the electromagnetic fields [7] . The electromagnetic fields can be recorded on an electron hologram. Through its reconstruction process, the electromagnetic fields within/around a specimen can be analyzed. Therefore, it is expected that electron holography can be applied to evaluate the charging effect on non-conductive materials.
In this study, among various non-conductive materials, a sintered ZrO 2 fragment and a microfibril in sciatic nerve tissue were used as a typical ceramic and a biologic material. The electric field changes around the specimens due to the charging effect were analyzed in detail by electron holography. The amounts of charge of the specimen with a change in the incident electron density are quantitatively evaluated by means of electron holography in combination with simulations.
Experimental Procedure
The ZrO 2 sintered body was prepared from ZrO 2 fine powders using a pressureless sintering method [8] . For transmission electron microscopy, thin fragments of the ZrO 2 sintered body were used. In order to prevent the occurrence of strong charging, the specimens were coated with approximately 3 nm of Os using a commercial osmium plasma coater (OPC60A, Filgen Inc.). On the other hand, the sciatic nerve tissues of adult C57BL/6 mice were prepared by a quick freezing method [9] . The dried specimens were packed in a glass container with an open OsO 4 vial and incubated for 2 h. After that, they were coated with C for 20 s.
Electron holography was carried out using a JEM-3000F transmission electron microscope equipped with a biprism [10] . The exposure time was set to be constant at 6 s. Further, in order to obtain the amounts of charge on the specimens due to electron irradiation, the simulations were performed taking into account reference wave modulation due to the long-range electric field [11, 12] .
Results and Discussion
Figure 1(a) shows the bright-field image obtained from an uncoated ZrO 2 rod which is a part of the ZrO 2 fragment. A bright contrast (indicated by a black arrow) can be observed at the edge of the ZrO 2 rod. In general, within a transmission electron microscope, the specimen is positively charged since secondary electrons are radiated from the specimen, while incident electron beams are almost transmitted. Therefore, it is reasonable to consider that the bright contrast is attributed to the concentration of charge at the edge of the ZrO 2 rod; the bright contrast is caused by the deflection of the incident electron beam due to positive charges that are concentrated at the edge of the ZrO 2 rod, as revealed by the schematic illustration shown in the inset of Fig. 1(a) . Figures 1(b) and (c) are the electron hologram and corresponding reconstructed phase image obtained from the ZrO 2 rod coated with Os. The hologram ( Fig. 1(b) ) is obtained with an incident electron intensity of 120 nm -2 ·s -1 . In the reconstructed phase image, the equiphase lines (white and black lines) indicate the equipotential lines reflecting the 3-dimensional electric potential distribution integrated along the incident electron beam [7] . As shown in Fig. 1(c) , the electric potential distribution due to the charging effect is visualized; this distribution is symmetrical around the ZrO 2 rod. On the other hand, in order to quantitatively evaluate the charging effect for the case shown in Fig. 1(c) , the simulation is carried out, as shown in Fig. 1(d) . The simulation is performed using a one-dimensional line charge model. It is noted that in this system, the reference wave modulation due to the long-range electric field should be considered when the electric potential distribution projected along the incident beam is simulated, as pointed out the previous works [1] ; in this system, the intensity of the reconstructed phase image is given as I ph (r) = cos (φ p (r) -∆φ p (r)), where φ p (r) is the phase change in the incident electron due to electric potential, and ∆φ p (r) is the phase modulation due to the reference wave that is perturbed by the long-range electric field. Here, it is found that there is a comparable agreement between the experiment result ( Fig. 1(c) ) and the simulation result ( Fig. 1(d) ). From the simulation, the amount of charges in the ZrO 2 rod is evaluated to be 2.1 × 10 -16 C.
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Figure 2 shows the bright-field images obtained from a microfibril of the sciatic nerve tissue. These images were taken under an overfocused condition. Here, it is clearly seen that with an increase in the incident electron density, the contrast observed at the edge of the microfibril changes; in Fig. 2(b) , the bright contrast (indicated by a white arrow) appears at the edge of the microfibril, and in Fig. 2(c) , this contrast changes into the dark contrast (indicated by a black arrow). These results are because the incident electron beams are more deflected by the positive charges enhanced by the increased incident electron density. It is considered that these results are basically the same with those of ZrO 2 rod. Figure 3 shows the reconstructed phase images obtained from a microfibril of the sciatic nerve tissue, and the corresponding simulation results. In the reconstructed phase image (Figs. 3(a)-(c) ), the electric potential distributions due to the charging effect are visualized. With an increase in the incident electron density, the number of equipotential lines increases while the distance between the equipotential lines decreases. These results indicate that the strength of electric field around the microfibril increases as a result of the being positively charged due to electron irradiation. In order to quantitatively evaluate the charging effect for the case shown in Figs 
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Summary
The charging effects on the sintered ZrO 2 fragment and the microfibril of the sciatic nerve tissue were investigated by means of electron holography in combination with simulation. The electric potential distributions around the charged ZrO 2 and the microfibril were visualized. Through the simulations, the amount of charges formed by electron irradiation was quantitatively evaluated. It is demonstrated that electron holography is quite useful to evaluate the charging effects in nonconductive materials.
